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Abstract

The recent California’s energycrisis hasraised doubts aboutthe benefitsof en-
ergy deregulation. While it is true that theCalifornia electricity market is in turmoil,
otherelectricity marketslike thePennsylvania-New Jersey-Maryland(PJM)aredoing
fine. This paperassessesthe markof efficiency reachedby the electricity markets in
California, New York, andPJM.It alsocomparesthedegree of efficiency across mar-
kets(forward vs. real time) andacrosstime. No significant differences betweenthe
California andPJMelectricity markets werediscoveredin theyearof California’s en-
ergy crisis(2000) usingthecointegration tests. This researchsuggeststhatdifferences
in price behavior betweenthesetwo markets during 2000 did not arisefrom differ-
encesin efficiency. According to our analysis andmeasures of efficiency, PJM and
California electricity markets aremoreefficient thanthe New York market. Also, as
thesemarketsbecomemorematureover time, their efficiency goesup. Wealsofound
evidencethat multi-settlementscheduling system leads to higher efficiency.

1 Intr oduction

The recentderegulation of the power industry in several partsof the United Stateshas

produceddifferentresultsacrossstates.California’sderegulationhasbeencharacterizedby

skyrocketing wholesaleelectricity pricesandseveral utilit ies on the brink of bankruptcy.

The New York electricity market hasencounteredup to 30
�

increasein the electricity

bills. On theotherhand,thePennsylvania-New Jersey-Maryland(PJM)electricitymarket
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is enjoying low energy prices.In fact,theusersof this market have saved3 billion dollars

on electricitybills. The turmoil in someof the electricitymarketsis castinga shadow of

doubtonderegulationplansof otherstates.A betterunderstandingof therealcausesof the

differencesin performanceacrosselectricity marketsin the US is neededto help resolve

someof theimportantissues.

Market inefficiency, market power, inelasticdemand,andconstrainedsupplyareoften

quotedasthemaincauseof theproblemsexperiencedby someof theelectricitymarkets

(See[2]). The aim of this paperis to assessthe mark of efficiency reachedby the elec-

tricity markets in California, New York, andPJM andseeif someof the differencesin

pricedynamicsin thesemarketscouldbeexplainedby thedifferencein their level of mar-

ket efficiency. To the bestof our knowledgea comparative analysisof efficiency among

California,New York, andPJMelectricitymarketsis novel.

For this study, hourly pricesof day-aheadandreal-timemarketsfor eachof the three

power marketswere collected. The price datawas taken from the IndependentSystem

Operatorswebsiteof eachmarket andfrom the University of California Energy Institute

(UCEI)3. Someof thehourly priceserieswereavailableby loadzoneandnot permarket.

In thosecasesanaggregationwasdoneusingload-weightedaverages.Giventhedataavail-

ability, a selectedgroupof yearswasanalyzedfor eachmarket: California (1998-2000),

PJM(1999-2001),andNew York (2000-2001).Theresultsindicatethatefficiency hasrisen

with thematurityof themarkets. Interestingly, this researchdid not find California to be

moreinefficient thanPJMandNew York powermarketsduringtheyearof theCalifornia’s

energy crisis (2000). TheNew York electricitymarket wasfoundto be the leastefficient

amongthethree.
3Thewebsitesfromwhichthedatawasretrievedwere:www.nyiso.com,www.pjm.com,www.caiso.com,

www.ucei.berkeley.edu/ucei.
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2 Comparison of California, PJM and New York Elec-
tricity Mark ets

Thisstudyanalyzesthepricedynamicsof thepowermarketsin California,PJM,andNew

York andcomparesthelevel of efficiency reachedby eachoneof thesemarkets.A market

is efficient whenall the relevant andascertainableinformation is fully and immediately

reflectedin market prices. In anefficient market all playersarewell-informedandadjust

their market strategiescontinuously to take advantagesof thearbitrageopportunities. An

arbitrageopportunity exists if it is possible to designa strategy that can yield risk less

economicprofits (See[10] for details). There is plenty of literaturethat describesthe

functioningof California,PJM,andNew York electricitymarkets. (See[4], [5], [13] and

[17].) A review of thatliteraturepointsout importantdifferencesin marketstructureacross

stateswhich mayexplain differencesin market efficiency. Someof thesedifferencesare

discussedbelow:

� Maturity of the market: In new markets,even the mostexperiencedtradersmay

lack sufficient information to know ex antewhataretheprofitabletradingopportu-

nitiesex-post. This of coursewould leadto missed arbitrageopportunities. As the

marketmatures,marketparticipants“learn” moreabouthow themarketworkswhich

allows themto bebetterpreparedto take advantageof thearbitrageopportunities.4

Removal of thesearbitrageopportunities leadsto highermarket efficiency. Hence

differencesin “maturity” betweenmarketsmayberelevantin explaining differences

acrossmarkets.

Californiawasthefirst US stateto restructureits electricitymarket which startedat

the beginning of 1998. PJM which is the oldestcentralizeddispatchednetwork in

theworld startedits restructuringat thebeginning of 1999.New York’s deregulated
4As notedby [3], learningtakes two forms: either the existing playersbecome more sophisticated, or

moresophisticatedparticipantsenterover time.
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electricitymarketalsostartedoperationin 1998althoughit waslaterthanCalifornia.5

� Mark et Participants: Having enoughtradersin theday-aheadmarket is necessary

to ensuretheliquidity of themarketandto establish a transparentday-aheadmarket.

The morethe market participantsare,the moreliquidity is the market. In markets

with few players,onelargeenoughplayercouldcreatepricedifferencesbetweenthe

spotandthe forwardmarket, which would persistif therearenot enoughtradersto

takeadvantageof thesearbitrageopportunities. [3] presentsevidencethatin thesum-

mer of 2000in California,oneplayer(PG� E) tried to exercisemonopsony power.

They arguethatthiscouldexplainthelargedifferencesbetweentheforwardandspot

priceobservedin thatperiod.

Thenumberof market participantsdiffersacrossmarkets. Fromour extensive con-

versationwith traders,we learnedthat PJM is the most liquid market in the East.

Traderssuggestthat market participantsare attractedto PJM becauseof its lower

transactioncostsand its reputationof delivering transparentand reliable informa-

tion. TraderscomplainedthatNY power market lackstransparency in delivering of

information. See[14] for moreon market participantsin PJM.6 See[3] for moreon

marketparticipantsin Californiapowermarket.

� Multi-settlement vs single-settlementscheduling systems: In theschedulingpro-

cesstwo alternativesareavailable: Multi-settlementandsingle-settlementsystem.

A multi-settlementsystemimpliesthat thepricesandquantitiesestablishedin mar-

ket phasesprior to dispatcharebindingforwardcontracts.Thespot-market (run by

theISO) is usedto settleany differencebetweenthescheduledtransactionsandthe

actualtransactions.In a single-settlementsystemtheforwardphaseis usedjust for
5Informationobtainedfrom theenergy informationadministrationwww.eia.doe.gov.
6Thenumberof membersin PJMgrew from 165to 194between1999 to 2000. Currently, thenumber of

participantsis 200.
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schedulingpurpose,all transactionsaresettledat thespotmarket price (See[5] for

additional details).

California runs a multi-settlementsystemwith day-aheadand hour-aheadphases

prior to dispatch.In California,theday-aheadtransactionsarebindingandsettledat

the day-aheadprice. Similarly, the hour-aheadtransactionsaresettledat the hour-

aheadprices. Until May 31, 2000PJMran a single-settlementsystem.On June1,

2000PJM switchedto a multi-settlementsystemthat is similar to the California’s

system.TheNY electricitymarket hasday-aheadandhour-aheadphasesaswell as

a real-timeone.Like in Californiathesemarketswork in a multi-settlementsystem,

wherethetransactionsin theforwardmarket (dayandhour-ahead)aretradedat the

forward price. The balancebetweenthe real-timetransactionsand the scheduled

onesis tradedat thereal-timeprice.

The multi and single-settlementsystems have potentialadvantagesand disadvan-

tageswhich may have an impacton market efficiency. A multi-settlementsystem

mayincreasetheopportunities for arbitrageby runninga bindingday-aheadmarket

which is repeatedon an hour-aheadbasis. It also reducesrisk by providing price

certaintyto the generatorsbeforethe actualdispatch(See[5]). On the otherhand,

a single-settlementsystemmay leadto productive efficiency gainsby lowering the

transactionscoststhatasequenceof forwardmarketsmayproduce.

� Competing forward markets: [13] arguesthathaving competitive forwardmarkets

which cantradewith oneanothermayreducethearbitrageopportunitiesexisting in

theelectricitymarketsby increasingthecompetitive discipline in the forward mar-

kets.Thus,differencesin theorganizationof theforwardmarketsacrossstatesmay

explaindifferencesin market efficiency.

In California, competingschedulingcoordinators(SCs) run the forward markets.

The IndependentSystemOperator(ISO) runsthe transmission, ancillary andreal-
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time markets. Among the SCs,the Power Exchange(PX) usedto handlemostof

the trading in the California forward markets.7 The PX ran auctionsto establish

energy pricesandschedulesfor boththeday-aheadandhour-aheadmarket. On the

otherhand,theAutomatedPower Exchangewhich is alsoanSC,runsa continuous

forward market. The othersSCsin California work throughbilateral contractsto

tailor consumers’needs.Theenergy pricesin thedifferentSCsconvergeastrading

amongSCsis permitted.

In PJMtheparticipantscanimplementtheday-aheadphaseeitherby submitting bids

to acentralizeddispatchmanagedby theISOor by decentralizedbilateralschedules.

Unlike California, PJM hasjust one centralizedday-aheaddispatchwhich is ad-

ministratedby the ISO. In the ISO-runday-aheadmarket, generators’offers must

specifythepricesandtherangesof outputover which thesepricesapply. In thebi-

lateralscheduling,participantsindicatetheamountof energy injectedandwithdrawn

from eachlocationin eachhourof the following day. The ISO usesthebidsof the

centralizedday-aheadmarket to run an optimizationprogram.This determinesthe

minimum costorderof dispatchthat meetsthe forecastedload that is not going to

besuppliedby thebilateralarrangementsin thenext day. Theresultsfrom theopti-

mizationprogramtell all themarket participantsthe likelihood of sellingor buying

powerover thenext day. See[5] for moreinformation.

Like in PJM,thereareno competingcentralizedforwardmarketsin New York. The

centralizedday-aheaddispatchis managedby theISO which receivesthebidsfrom

themarket participantsandproducesa load forecastsfor all hoursof the following

day. ISO runsanoptimization programwith the loadforecastandthebidsto deter-

minethemix of generationfor thenext daythatminimizestheproductioncostsover

thedaywhile observingtheconstraintsonthetransmission system.Theoptimization
7ThePX filed for bankruptcy at thebeginningof 2001.
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programalsocomputestheday-aheadmarket price.

The ISO-runday-aheadmarketsof PJM andNew York aresubjectto the competi-

tive discipline of thebilateralmarkets.8 However, an ISO canuseits power asgrid

managerto favor its day-aheadmarket underminingthe fairnessof the market and

thereforeits efficiency.

� Long-tem markets: As suggestedby [3] the existenceof many forums for trad-

ing over time (long-term,day-ahead,hour-ahead)encouragesgeneratorsto compete

moreaggressively in the spotmarket asthey have soldsignificantportionsof their

output in the forward markets. More aggressive competition shouldlead to faster

learningandmoreefficiency. Till recently, California utilit ies werenot allowed to

get into long termcontractsandmorethan90
�

of thepower waspurchasedin the

spotmarket. Insteadin PJM, utili ties could lock in pricesthroughlong term con-

tracts.Thereforeonly 10to 20
�

of thepowerwasboughtin thespotmarket. Dueto

thehigherflexibility availablein PJMto meetits long termenergy needs,theprices

werelessvolatile in PJMascomparedto California.

� Ancillary Services(AS): As a generatorhasto decidehow to bid in eachmarket,a

shockin theAS market is goingto bereflectedin theforwardandspotmarkets.As

notedby [17], thestructureof AS marketgreatlycomplicatesagenerator’schoicein

biddingin theelectricitymarkets.More biddingchoicesfor a generatordecreaseits

ability to find potentially risklessstrategies.

In PJM just operatingreserves and regulationare traded.9 PJM assignsdutiesin

providing regulationto all generators.If a generatorcannot provide regulation, it

mustmeetits obligation by writing bilateralcontracts.Till May 31 2000,PJMused
8As any playercanchoosebetweensubmittingbidsto theISO-run dayaheadmarketandbilateralmarket.
9Regulationrefers to theservicesprovidedby generators to maintaina60Hz operating level in thetrans-

missionnetwork.
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acostbasedmarket for procuringregulation but in June2000,PJMstartedprocuring

regulationusingmarket prices.

In California the AS marketsallocate: regulation,spinning reserves,non-spinning

reserves,andreplacementreserves.10 In California’s electricity market, AS areal-

locatedusingday-aheadandhour-aheadmarkets. For the day-aheadAS market, a

generatorsubmitsbids in which it specifiesthe total capacitythat the ISO canuse

for any of thefour services(regulation,spinning reserves,non-spinningreservesand

replacementreserves)andtheenergy price(uniform for all services).Eachhourthe

ISO examinesthesystemanddeterminestheamountof AS it requires.TheISO re-

solveseachmarket in sequencestartingwith regulationfirst andendingwith reserve

replacement.If a generatorswasnot selectedin thefirst AS it canstill participatein

thenext AS market. TheAS hour-aheadmarketoperatessimilar to theAS day-ahead

market. Unlike PJM,in California thegeneratorsdo not bid in eachoneof theAS

marketsindependently.

In New York, eachoneof thesix AS is tradedindependently in themarket. Suppliers

receivepaymentsaccordingto thequantitiessuppliedandthemarketclearingprices

in theday-aheadandsupplemental markets.

� Fuel mix: 11 Thevolatility of thefuel pricesvariesdependinguponthefuel. Volatil-

ity in fuel price causesvolatility in the electricity pricesbecausefuels area major

componentof generators’costs. Therefore,a diversifiedfuel sourcemay prevent

excessvolatility in theelectricityprices.The lower volatility may leadto fewer ar-

bitrageopportunitiesandmoreefficientandstablemarket. In Californiamostof the

energy is providedby gas-fired(51
�

) andhydro(26
�

) generators.In contrast,PJM

fuel mix is morediverseincludingcoal,andnuclear. LikePJM,thefuel mix in New
10Thetypesof reservesdifferby theamount of timethegeneratorhasbeforeit mustbeginsupplying power

to thegrid andwhether or not thefacility mustbesynchronizedto thegrid while waiting in reserve.
11Datais providedby theEnergy InformationAdministration
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York is alsomorediversethanin California.NY electricitymarketusesgas(17.2
�

),

hydroelectric(23
�

) andnuclear(27
�

).

3 Mark et Efficiency

3.1 RelatedWork

Our approachto studyingmarket efficiency in power markets is similar to previous em-

pirical literaturethat focusedon the price dynamicsof power marketsaroundthe world.

In [6, 7], theauthorsanalyzethepricedynamicsof 11 interconnectedregionalmarketsin

thewesternUS between1994-1996 for evidenceof market integration. Their resultsshow

that marketswereefficient andstablein that region. [18] comparesthe degreeof com-

petitionbetweentheelectricitymarketsof EnglandandWales,Norway, andAustralia. It

concludesthat thedifferencesin thedegreeof competitionlevel acrossinternationalelec-

tricity marketscanbe explainedby the differencesin market design. [17] discussesthe

complex decisionsfacedby thegeneratorsin decidinghow muchto tradein thedifferent

Californiaelectricitymarkets(e.g.day-aheadmarket,spotmarket,ancillarymarket,etc). It

arguesthatrationalbehavior leadsgeneratorsto continuously adjusttheir strategiesto take

advantageof thearbitrageopportunitiesacrossmarkets.[13] examinestheevolution of the

competitive electricitymarketsin CaliforniaandPJM.It alsoproposesregulatorymodifi-

cationsthat may make thesetwo marketsmorecompetitive. [5] analyzesthe advantages

anddisadvantagesof binding andnon-binding day-aheadmarkets. [3] evaluatesthe level

of market integrationbetweentheCaliforniaday-aheadmarketandthereal-timemarket. It

concludesthatthepriceconvergencebetweenthesetwo marketsincreasedastime passed.

This researchcontributesto previous empirical literatureby evaluatingthe efficiency

of the threemajor power markets in US (California, PJM, andNew York). It computes

a measureof market efficiency for eachmarket for eachof the yearsanalyzed. It also
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comparestheefficiency acrossdifferenttimemarketsandacrossstates.

3.2 The Model

Traditionally, marketefficiency is evaluatedby the“predictability” of changesin theprice.

In an efficient market, oneshould not be able to make abnormaleconomicprofits using

readily availableinformation. The currentprice shouldreflectall the relevant andascer-

tainableinformation. However, if pricesarepredictable,agentscould usereadily avail-

able informationto designstrategies that yield abnormalprofits. It is importantto note

that this conventionalmeasureof efficiency requiresthat thecommodity bestorable.For

a non-storablecommodity like electricity, the price predictability alonedoesnot provide

intertemporalarbitrageopportunities. For example,if the spotprice of electricity is pre-

dictableandknown to behighertomorrow, onecouldn’t reallybuy moretoday, storeit and

consumeit tomorrow to takeadvantageof theinformation.Electricity todayandtomorrow

arereally two differentcommodities.12

However, in an institutional setupwhereforward, real time andbilateralmarketsare

organizedassubstitutemarketsandareallowedto competeagainsteachother, onecould

takeadvantageof thepredictablepricesanddesignstrategiesto earnrisklessprofits.13 For

example,assumeboththeforwardandrealtimepricesarepredictable.Let �	��
�� denotethe

forwardpriceof electricityin period ����� for deliveryat time � and� �� denotetherealtime

priceat time � . If thereal time priceis expectedto bemorethantheforwardprice, � units

of electricitycanbeboughtin the forwardmarket in period ����� for delivery at a future

time � andbesoldatrealtime � to makearisklessprofit of ����� �� ��� ��
�� �
, assumingthereare

no transactioncosts.

If consumersandgeneratorsareallowedto play acrossdifferentmarketsasis donein

a multi-settlementsystem, onecould usethe stationarypropertiesof two seriesto make
12Theauthors would like to thankRichardGreenfor pointing this out.
13See[17] for anexcellent discussiononopportunities availableto generatorsto playacrossmarkets.
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positive profits. This is possible sincedifferentmarketscandeliver electricityat thesame

timeandany differencein pricein themarketsfor thesamecommodity wouldimply trading

inefficiency. In [3] authorsshow that institutional impediments and traders’incomplete

understandingof themarketscouldcreatesuchtradinginefficiencies.

Thisstudyperformsthreeteststo measuretheefficiency of theelectricitymarkets.First

evaluatesthe“predictability” of apriceseriesby testing its “stationarity”. A series� � is said

to follow a stationaryprocessif its mean,varianceandautocorrelationareindependentof

time,implying thatonecouldcalculatethefuturevaluesof aseriesusingits currentvalues.

Two, it looksfor arbitrageopportunitiesby checkingif theexpectedreturnin theforward

andtherealmarketsarethesameusingcointegrationanalysis.Two seriesarecointegrated

if they have a commontrendandchangeroughly at the samerate. If the day-aheadand

the real-timemarketsarecointegrated,a shockin the former will alsobe reflectedin the

latterandtheexpectedreturnin bothmarketswill bethesame.Theforwardandreal-time

pricesshouldbe cointegratedfor the market to be efficient, otherwisethe differencein

expectedreturnswould createarbitrageopportunitiesandcauseinefficiency. Third, using

themethodologygivenin [3], it analyzesthepriceconvergencebetweenthedayaheadand

the real time marketsto determinewhetherpersistentprice differencesexist betweenthe

forwardandrealtimemarkets.

3.2.1 Unit Root Tests

To testthestationarity of aseries,wecheckfor thepresenceof aunit root in thepriceseries

usingtheAugmentedDickey-Fuller (ADF) test[8]. TheADF testrequirestheestimation

of thefollowing regressionequation:

��� � �"!$# %'& � ��
'()#
*+ , - (
% , ��� ��


,
#/.0� (1)
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where
��� � is thechangein theelectricitypriceat time � . ! ,

%1&
and

% ( arethecoefficients,� ��

,
is theelectricitypricein period �2��3 and .4� is theresidual.

The null hypothesisof this test is
%5& �76 . The numberof lagsin equation(1) were

determinedby initially estimating a generalmodelwith 15 lagsandthenin successive es-

timationstheinsignificantlagsweredropped.14 This proceduremakessurethattheresults

of theADF testarenotmisleadingandtheresidualsin (1) areuncorrelated.

As pointedout earlier, thestationarity in onemarket alonedoesnot necessarilyimply

inefficiency in theelectricitymarket. Thisis dueto thenon-storablenatureof theelectricity

which allows for predictableintertemporalvariation in prices. See[1], [16] and [9] for

moredetails.However, if boththedayaheadandthereal time marketsarestationaryand

multi-settlementsystemis allowed,it couldleadto arbitrageopportunities.

3.2.2 Cointegration Analysis

As wasmentionedin theearlierdiscussion of market efficiency, theexpectedreturnin the

day-aheadandreal-timemarketsfor the samehour should grow at the samerate. Note,

thatbothmarketstradethesamecommodity. If theexpectedreturnin onemarket is more

thantheother, therewouldbeanopportunity to makerisk lessprofit andthemarketwould

be inefficient. In time seriesanalysis,if two seriestrackoneanotherandgrow roughlyat

the samerate, they aresaidto be cointegrated. By definition, cointegration necessitates

thatthetwo seriesbeintegratedof thesameorderandhave acommontrend.Theorderof

integration is thenumberof timesa non-stationary serieshasto bedifferentiatedto obtain

a stationary series.Two serieswith differentorderof integrationcannotbe cointegrated.

An importantconsequenceof cointegrationis thatit is possibleto find alinearcombination

of thecointegratedseriesthatgeneratesastationaryseries.Thispropertyis usedin testing
14From the correlogramsof the series,15 lagsappeared to be sufficient to take into account the serial

correlation in thedatafor theAugmentedDickey Fuller tests.Thisapproachfollowsthemethodology of [7].
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for cointegration. Thefollowingcointegration relationwastestedhere:

��8:9 ; �"!$# % �)<=9 ; #?> ; (2)

where
��8:9 ;

is thepriceof theday-aheadmarket at hour @ , and
��<=9 ;

is thepriceof thereal-

time market at hour @ . ! ,
%

are the parametersof the cointegration vectorand > ; is the

error.

ThispaperusestheJohansentestto determinethecointegrationbetweentheday-ahead

andreal-timemarket for eachhour. Theapplicationof theJohansentestrequirestheesti-

mationof aVectorAutoregressivemodel(VAR) of theform:

� �5�BA & #/A2( � ��
'(5#/A5C � ��
DCE#GFHFHFH#?A)I � ��
DI�#?>J��
DI (3)

where
� � is thecolumnvectorwith theday-aheadandreal-timeprices. A�K is thematrix of

parametersand > is thedisturbance.

Thenumberof lagsin theestimatedVAR modelweredeterminedusingtheSchwarzin-

formationcriteria(See[11]). Undercointegrationthematricesof parametersin (3) should

beshortranked.TheJohansentestusesthispropertyto testfor cointegration. See[12] for

details.

Basedontheresultsof theunit rootsandcointegrationtests,ameasureof efficiency for

eachyearandstatemarket wasconstructedin thefollowing way:

L K 9 �M�
N @ K 9 �OQP RTS 6U6 (4)

where
L K 9 � is the efficiency of market V in year � and

N @ K 9 � is thenumberof cointegrated

hoursof market V in year � .
3.2.3 Price Convergence

Motivatedby theanalysisperformedin [3] to determinetradinginefficienciesbetweenthe

forwardandthespotmarket,weanalyzethepriceconvergencebetweenthedayaheadand
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the real time market andprovide anothermeasureof market efficiency.15 We extendthe

work donein [3] by measuringpriceconvergencein PJM,NY, andCaliforniamarkets([3]

analyzedpriceconvergencejust in California). In addition,we measurepriceconvergence

hourby hour. Persistentpricedifferencesbetweenthedayaheadmarket andthereal time

marketwouldimply thepresenceof arbitrageopportunities.In anefficientmarketwith risk

neutraltradersandno transactioncosts,dayaheadandtherealtimepriceof theelectricity

for deliveryatthesametimeandlocationshouldbethesame.In otherwords,thedayahead

priceat time ���W� for delivery at time � mustincorporateall the informationavailableat

time �2�X� abouttheexpectedrealtime priceat time � i.e.

� ��
�� � L �Y��� � �� Z\[ ��
� �
where

� ��
�� is thedayaheadpriceat time �]�^� for delivery at time � , � �� is the real time

priceat time � and
[ ��
� is theinformation availableat time �E�X� . Theaboveequationcan

berewrittenas: � �� � � ��
�� #`_4�
Here _4� is thewhite noise.Accordingto this equation,thedayaheadprice is anunbiased

predictorof therealtimepriceandincorporatesall theavailableinformationat time �2�X� .
We testthe market efficiency by testingif the day aheadprice convergesto the real time

pricethroughthefollowing model:

� �� � � ��
�� �Bab#`_4�
If thedayaheadpriceis anunbiasedpredictorof therealtimeprice, a wouldbezero.

Following the methodology outlinedin [3], for eachstateandeachyear, we estimate

hourly OLS regressionsbasedon the Newey-Westprocedure(see[15]). The resultsare

shown in Table5, 6 and7. A measureof efficiency similar to theonegivenin equation(4)
15Theauthors would like to thankananonymous refereefor his suggestionto perform this test.
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is constructedin thefollowing way:

c K 9 �]�
d K 9 �OQPeRfS 6U6 (5)

where
c K 9 � is theefficiency of market V in year � and

d K 9 � is thenumberof hourswhenthe

dayaheadpriceis anunbiasedpredictorof therealtimepricefor market V in year � .
4 Resultsand Discussion

Table1, 2 and3 show theunit root testresultsfor eachhourin a year, in California,PJM,

andNew York respectively. Fromthe tablesit canbeobservedthat in all thethreestates,

somehourswerestationary. For efficiency, the hoursof interestare the oneswhenboth

thedayaheadandthereal time priceseriesarestationary. Thehigherthenumberof such

hours,moreinefficient is themarket. In Californiathenumberof hourswhenboththeday

aheadandreal time price serieswerestationaryincreasedfrom 0 to 2 between1998and

1999;andthendroppedto 0 in 2000.Theincreasein inefficiency between1998and1999

could have beendueto the significantlyhigherwholesalepricesandartificially setprice

caps.Thesepricecapshadnotbeentriggeredin 1998.

For PJM,thereal-timemarket hadhighnumberof stationaryhoursin 1999whenPJM

hadthesinglesettlementsystem.Thenumberof stationaryreal-timemarkethoursdropped

significantlyin 2000and2001. This couldbedueto thefact thatPJMswitchedto multi-

settlementsystemin 2000from a single-settlementsystem. As notedin Section2 of this

paper, amulti-settlementsystemrunsbindingforwardmarketswhichoffersmarketplayers

moreforumsto tradeandthereforemoreopportunities for learningandarbitrage.See[5]

for moreon thefunctioning of multi andsingle-settlementsystems.

The numberof hourswhenboth the day aheadand real time priceswere stationary

droppedfrom 3 to 0 between2000and2001implying that thePJMmarket becamemore

efficientover time. As explainedin section2, asmarket matures,theplayersin themarket
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becomemoresophisticatedand thereforemorecapableof taking advantageof arbitrage

opportunities. On the otherhand,PJM’s reputationfor costefficiency andreliability has

attractedmoreparticipantsover time which mayhave increasedits efficiency. Thehigher

thenumberof participants,moreliquid andefficient is themarket.

In NY, basedonourfirst measureof market efficiency, therewasnosignificantchange

in themarket efficiency between2000and2001.Thenumberof hourswhenboththeday

aheadandreal time priceswerestationaryincreasedfrom 1 to 2 between2000and2001.

This couldbedueto the low liquidity thatstill characterizestheNY market. As notedin

Section2 low liquidity couldexplain low efficiency.

Table 4 shows the efficiency resultsasmeasuredby the cointegration tests. In Cal-

ifornia, the forward and real time marketswere cointegrated63
�

of the hoursin 1998

which increasedto 83
�

in 2000. This improvementmay be explainedby a “learningby

doing” processasplayerslearnfrom their pastexperienceandexploit all thearbitrageop-

portunitiesavailablein themarket, ultimatelymakingthemarket moreefficient. In PJM,

efficiency in 2000and2001washigh ( gih 6Yj ). However, therewasno significantchange

in thenumberof cointegratedhoursbetweenthesetwo years.ComparingCaliforniaand

PJMin year2000,it is noteworthy thatCaliforniawasslightly moreefficient thanPJM.In

fact Californiahadthehighestlevel of efficiency amongthe threemarkets. In New York

themarketefficiency measurestayedat50
�

in 2000and2001.Thelow level of efficiency

in New York between2000and2001may be explainedby the existenceof barriersand

transactioncoststhatstoppedtradersfrom takingadvantageof thearbitrageopportunities,

highlevelsof risk aversionamongplayers(See[3]) andlow liquidity thatcharacterizesNY

with respectto PJMor California.

Table5, 6 and7 show theresultsof marketefficiency asmeasuredby thepriceconver-

gencebetweenthedayaheadandthereal time market for California,PJMandNew York

respectively. Table5 shows thatCaliforniawasextremelyinefficient in 1998whereevery
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singlehour the day aheadprice wassignificantlydifferentfrom the real time price. The

situation changeddramaticallyin the following years. In 1999,only in 3 out of 24 hours

thedayaheadpricedid not converge to the real time priceandin 2000,this happenedin

11outof 24hours.It is importantto notethattheCalifornia’senergy crisiswasat its peak

in summerof 2000andthepriceswereextremelyvolatile in thatperiod. Takingthis into

consideration,weperformedanotheranalysisof year2000by excludingthehighvolatility

summermonths(May throughAugust). Our resultsshow that thenumberof hourswhen

thedayaheadpricedid not convergeto thereal time pricedecreasedfrom 11 to 3 in year

2000.

Table 6 shows that in PJM, the numberof hourswhen the day aheadprice did not

convergeto therealtimeprice,wentup from 5 in year2000to 8 in year2001.However in

New York, asshown in Table7, this numberwentdown from 8 in year2000to 6 in year

2001.

In 2000theelectricitypricesin CaliforniaandNew York skyrocketed,whereasin PJM

they remainedstable.Interestingly, for our first two measuresof efficiency, in 2000there

wasno significantdifferencebetweenCaliforniaandPJM,suggestingthat thedifferences

in pricebehavior betweenthesetwo marketswerenot dueto market efficiency.16 For the

third measureof efficiency, PJM appearsto be moreefficient thanCalifornia,however if

thehighvolatilesummermonthsof 2000areexcluded,theefficiency in thesetwo markets

aresimilar.17 Thus,otherpotential explanations(e.g. market power, supplyconstraints)

shouldbeexploredto understandthedifferencesin pricedynamicsbetweenCaliforniaand

PJMpowermarketsin 2000.

On the otherhand,New York market wassignificantlymore inefficient thanPJM in

2000for all the threemeasuresof efficiency. For 2001,PJM wassignificantmoreeffi-
16For thesecondmeasureof efficiency, Californiais 4k moreefficient thanPJMin 2000.
17For the third measureof efficiency, without summermonths,California is 8k moreefficient thanPJM

in 2000.
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cient thanNY with thefirst two measuresof efficiency but for thethird measure,NY had

8
�

higherefficiency thanPJM.The higherefficiency of PJM with respectto NY in the

periodof analysiscouldbeexplainedby higherliquidity, low transactioncostsandmore

transparentavailability of informationin PJMascomparedto NY.

An efficiency ranking of the threestateelectricity market rendersCalifornia as the

mostefficient andNew York asthe leastefficient for year2000. The characteristicsthat

contributedin makingCaliforniathemostefficientin 2000mighthavebeenitshighlevelof

maturity, multi-settlementsystemandcompetingforwardmarkets.PJMwaslessefficient

thanCalifornia in 2000dueto lack of maturity ascomparedto California andits newly

implementedmulti-settlementsystem. The low efficiency in New York with respectto

othermarketsmaybeexplainedby its lower liquidity andhighertransactioncosts.

5 Conclusions

Thispaperevaluatestheefficiency of thepowermarketsin California,PJM,andNew York

for thepastfew years.Severalconclusionscanbederivedfrom our results.First, in both

California andPJM, the efficiency of the power marketshasimproved with the maturity

of the markets. Second,multi-settlementschedulingsystemseemsto be associatedwith

highermarketefficiency. Third,contraryto thecommonbelief,in 2000theCaliforniamar-

ketappearsto beasefficientasthePJMmarketbasedonourmeasure.Thus,thedifferences

in pricedynamicsbetweenthesetwo marketscannotbeexplainedby thedifferencesin ef-

ficiency. However, an efficiency argumentmay be madeto explain differencesin prices

betweenNY andPJMin thatyear.
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6 Further Research

Furtherresearchon thefollowing topicscouldbeexplored:First, a cointegration analysis

betweentheancillaryservicesmarkets,theforward,andthespotmarketscouldbeimple-

mentedusingthesamemethodology discussedhere.Second,similar analysiscanbedone

in thederegulatedelectricitymarketsof othercountriesto seeif similar conclusionshold

there. Finally, otherpotentialexplanationsthatclarify thedifferencein pricebehavior of

differentmarketscouldbeexploredmorerigorously.
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Table1: Resultsof AugmentedDickey-Fuller unit root testfor Californiaelectricitymar-
ket. An asterisk( R ) indicatesthattheADF statistic rejectsthenull hypothesisof unit rootat
99
�

confidencelevel. RYR shows thehourswhenboththedayaheadandreal time markets
rejectthenull hypothesis.

California
1998 1999 2000

Hours Real Dayahead Real Dayahead Real Dayahead

1 -4.33l -0.75 -2.64 -2.84 -2.57 -0.96
2 -2.53 -2.74 -2.24 -2.98 -1.74 -1.10
3 -1.53 -2.64 -2.32 -2.88 -1.70 -1.65
4 -2.11 -1.88 -3.23 -2.94 -1.62 -1.65
5 -2.55 -2.05 -3.11 -2.55 -1.54 -1.61
6 -2.12 -2.44 -2.64 -2.44 -1.65 -1.32
7 -3.27 -2.26 -2.29 -2.68 -1.36 -0.99
8 -2.11 -3.02 -2.57 -3.19 -1.37 -1.69
9 -1.86 -2.91 -2.57 -3.89l -1.31 -1.53
10 -1.73 -2.95 -2.71 -6.5 -1.46 -1.90
11 -1.83 -2.87 -2.66 -2.81 -2.34 -1.80
12 -3.33 -2.96 -2.72 -2.69 -2.77 -2.44
13 -2.46 -3.24 -3.10 -2.71 -2.82 -2.31
14 -2.14 -3.07 -3.99l -2.87 -3.74l -2.70
15 -1.74 -2.80 -3.76l -3.10 -3.46l -2.69
16 -1.95 -2.65 -3.65l -3.14 -2.98 -2.70
17 -1.59 -2.74 -4.06l -3.16 -3.29 -2.63
18 -1.75 -3.64l -5.07lml -3.71lml -2.52 -2.56
19 -1.68 -3.75l -2.79 -6.95l -2.35 -2.52
20 -2.17 -4.19l -2.94 -6.33l -1.87 -2.44
21 -2.01 -3.74l -3.78lml -6.55lml -2.22 -2.30
22 -1.93 -2.31 -2.67 -2.87 -2.11 -2.03
23 -1.60 -2.40 -3.02 -3.33 -0.67 -0.69
24 -2.06 -1.41 -2.61 -3.21 -0.67 -0.60

StationaryHrs. in both 0 2 0
dayaheadandrealtime
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Table2: Resultsof AugmentedDickey-Fuller unit root testfor PJMelectricitymarket. In
1999,PJMdayaheadmarket hadno pricedatasincePJMuseda singlesettlementsystem
andall settlementsclearedat real time market prices. An asterisk( R ) indicatesthat the
ADF statisticrejectsthenull hypothesisof unit rootat99

�
confidencelevel. RYR shows the

hourswhenboththedayaheadandrealtimemarketsrejectthenull hypothesis.

Pennsylvania-New Jersey-Maryland
1999 2000 2001

Hours Real Dayahead Real Dayahead Real Dayahead

1 -2.78 NA -1.88 0.74 -2.07 -3.78l
2 -2.79 NA -0.48 1.23 -3.35 -3.74l
3 -3.26 NA -0.14 0.32 -3.18 -3.44
4 -3.41 NA -0.90 0.26 -1.91 -3.26
5 3.45 NA 0.05 0.64 -2.39 -3.34
6 -3.78l NA -1.20 0.23 -5.14l -1.88
7 -3.92l NA -1.55 0.91 -2.00 -1.17
8 -4.47l NA -0.93 0.33 -1.73 -1.14
9 -3.85l NA -1.78 -0.20 -2.37 -1.42
10 -3.39 NA -2.50 -0.54 -2.22 -1.55
11 -10.59l NA -3.28 -1.90 -2.38 -1.90
12 -10.40l NA -7.99lml -4.76lml -7.68l -1.41
13 -10.95l NA -4.00lml -4.82lml -2.09 0.62
14 -3.34 NA -7.75lml -3.61lml -1.49 -0.51
15 -3.57l NA -2.56 -3.20 -0.15 0.02
16 -5.40l NA -2.78 -2.66 -0.34 0.01
17 -7.40l NA -3.20 -3.91l -0.12 -0.42
18 -5.05l NA -1.25 -0.18 -2.55 -1.68
19 -10.27l NA -0.18 0.39 -2.96 -3.10
20 -9.29l NA -1.57 0.02 -1.94 -1.85
21 -14.94l NA -3.43 -1.21 -3.25 -2.25
22 -14.51l NA -2.16 -1.65 -8.81 -2.47
23 -3.78l NA -1.37 -1.10 -2.91 -2.22
24 -5.01l NA -0.33 1.52 -9.22l -2.96

StationaryHrs. in both 0 3 0
dayaheadandrealtime
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Table3: Resultsof AugmentedDickey-Fullerunit root testfor PJMelectricitymarket. An
asterisk( R ) indicatesthat theADF statistic rejectsthenull hypothesis of unit root at 99

�
confidencelevel. RYR shows thehourswhenboththedayaheadandrealtimemarketsreject
thenull hypothesis.

New York
2000 2001

Hours Real Dayahead Real Dayahead

1 -11.36l -2.82 -3.34 -3.46
2 -11.91l -2.21 -3.04 -3.44
3 -2.43 -2.60 -3.00 -3.46
4 -12.32l -2.21 -3.76l -3.46
5 -3.06 -2.25 -3.24 -2.64
6 -3.37 -1.64 -1.96 -2.77
7 -2.23 -1.56 -2.14 -1.93
8 -2.83 -2.74 -1.99 -1.80
9 -2.30 -2.02 -3.12 -2.17
10 -3.45 -3.32 -9.81l -2.40
11 -4.20l -3.24 -3.07 -2.75
12 -2.57 -3.01 -9.84lml -3.56lml
13 -3.03 -3.06 -9.60l -3.18
14 -5.18lml -4.31lml -3.17 -3.11
15 -3.29 -3.36 -3.58l -2.98
16 -5.38l -2.82 -3.55l -2.62
17 -11.70l -2.55 -3.41 -3.05
18 -3.21 -2.64 -8.72l -3.41
19 -11.95l -2.49 -3.74l -3.02
20 -3.05 -2.21 -3.72l -2.97
21 -11.91l -1.90 -2.98 -3.26
22 -4.10l -1.86 -5.76lml -3.51lml
23 -11.29l -2.23 -4.17l -3.46
24 -7.53l -1.53 -2.65 -3.54l

StationaryHrs. in both 1 2
dayaheadandrealtime
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Table 4: JohansenCointegration Tests. An asterisk( R ) indicatesthat the cointegration
hypothesisis rejectedat 95

�
confidencelevel. An X indicatesthateitherthedayaheador

therealtimepriceseriesis stationaryandXX showswhenboththedayaheadandthereal
timeseriesarestationary.

California PJM New York

Hours 1998 1999 2000 2000 2001 2000 2001

1 X 60.83 83.51 18.85l X X 67.77
2 10.66l 60.07 31.96 29.13 X X 49.64
3 8.77l 90.38 25.19 48.95 106.11 128.16 84.86
4 45.10 165.37 47.36 69.34 112.25 X X
5 19.8 30.58 36.96 41.61 103.93 102.88 86.68
6 42.02 35.65 20.98 35.56 X 112.98 86.05
7 12.40l 26.30 14.16l 30.00 23.20 38.95 51.63
8 82.28 29.26 18.14l 32.93 15.74l 67.06 52.44
9 48.28 X 55.55 41.60 26.97 63.25 30.36
10 44.04 X 64.03 127.59 73.86 199.94 X
11 53.13 39.18 119.73 125.66 98.32 X 139.59
12 67.98 57.71 142.41 XX X 227.27 XX
13 25.4 98.12 135.73 XX 86.93 214.87 X
14 29.97 X X XX 84.08 XX 138.29
15 27.43 X X 138.86 28.62 211.41 X
16 23.76 X 225.05 131.92 97.55 X X
17 27.54 X 46.85 X 81.48 X 124.47
18 X XX 126.36 110.84 9.23 210.98 X
19 X X 156.44 103.28 92.66 X X
20 X X 29.16 85.15 83.81 201.80 X
21 X X 123.58 110.89 113.89 X 101.73
22 39.06 109.27 82.75 109.36 X X XX
23 36.84 105.97 127.73 96.09 102.26 X X
24 9.75l 95.48 51.32 28.85 X X X

IntegratedHrs. 15 14 20 19 17 12 12
Efficiency (

�
) 63 59 83 79 71 50 50
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Table5: Priceconvergencetestresultsfor California.An asterisk( R ) indicatesthattheday
aheadpriceandthereal time pricearesignificantlydifferentat 95

�
confidence.Thelack

of convergenceof the day aheadprice to the real time price shows the degreeof market
inefficiency. a is zeroif thedayaheadpriceis anunbiasedpredictorof therealtime price.
S.E.showstheNewey-WeststandarderrorsandP-valueshows theNewey-WestP-value.

California
1998 1999 2000

Hours a S.E. P-value a S.E. P-value a S.E. P-value
1 -9.14 1.40 0l -0.63 0.40 .11 13.53 3.48 .0001l
2 -9.77 1.28 0l 0.30 0.41 0.45 10.32 3.14 .001l
3 -9.11 1.19 0l 0.46 0.40 0.25 8.89 2.84 .002l
4 -8.65 1.26 0l -0.87 0.45 0.05l 4.64 2.82 0.10
5 -9.71 1.25 0l -1.60 0.48 .001l 7.21 2.73 .008l
6 -12.31 1.51 0l -1.35 0.35 .0002l 7.16 3.14 0.02l
7 -12.85 1.76 0l -0.58 0.51 0.25 15.12 5.26 .004l
8 -13.00 2.09 0l 0.89 1.06 0.40 11.99 4.54 .01l
9 -13.06 2.20 0l -0.45 0.87 0.60 4.11 4.40 0.35
10 -14.13 2.21 0l -1.08 0.97 0.26 5.12 4.41 0.24
11 -14.66 2.35 0l 0.35 0.94 0.71 5.00 3.38 0.14
12 -12.66 2.78 0l 0.16 0.63 0.79 4.04 4.01 0.31
13 -15.82 2.66 0l -0.62 0.60 0.29 -3.09 4.62 0.50
14 -15.67 3.00 0l 1.07 0.84 0.20 6.71 4.84 0.16
15 -15.09 3.28 0l 1.04 0.94 0.26 11.07 5.41 0.04l
16 -14.40 3.77 .0002l 1.11 1.13 0.32 8.55 5.93 0.15
17 -15.64 3.71 0l -0.20 0.97 0.83 6.46 6.38 0.31
18 -17.58 3.87 0l 0.69 1.11 0.53 -0.85 6.10 0.88
19 -18.19 3.15 0l 1.86 1.31 0.15 -3.37 6.11 0.58
20 -16.15 2.81 0l 1.21 1.14 0.28 -8.14 6.45 0.20
21 -15.92 2.61 0l 0.18 0.95 0.84 8.98 5.23 0.08
22 -12.61 2.42 0l 0.62 0.52 0.23 20.19 6.08 .001l
23 -10.87 2.25 0l 0.34 0.60 0.56 9.82 3.03 .001l
24 -11.34 1.71 0l -0.25 0.39 0.51 12.35 3.16 .001l

Efficiency (
�

) 0 87 n Ppo
a:Theefficiency increasesto 87k afterexcluding thevolatilesummermonthsof year2000.
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Table 6: Price convergencetest resultsfor PJM. An asterisk( R ) indicatesthat the day
aheadpriceandthereal time pricearesignificantlydifferentat 95

�
confidence.Thelack

of convergenceof the day aheadprice to the real time price shows the degreeof market
inefficiency. a is zeroif thedayaheadpriceis anunbiasedpredictorof therealtime price.
S.E.showstheNewey-WeststandarderrorsandP-valueshows theNewey-WestP-value.

Pennsylvania-New Jersey-Maryland
2000 2001

Hours a S.E. P-value a S.E. P-value
1 -1.08 0.43 0.01l 0.39 0.68 0.56
2 0.21 0.31 0.50 1.86 0.67 .006l
3 0.55 0.29 0.05l 0.98 0.51 0.06
4 0.48 0.33 0.14 0.40 0.52 0.44
5 0.53 0.34 0.12 -0.25 0.51 0.62
6 0.19 0.62 0.76 -1.04 0.76 0.17
7 -1.43 1.66 0.39 -4.16 1.27 0.001l
8 -1.48 1.51 0.97 -1.79 1.59 0.26
9 -3.37 1.71 0.05l -5.35 1.30 .0001l
10 -1.37 1.41 0.33 -3.63 1.09 0.001l
11 0.48 1.31 0.71 -1.33 1.23 0.28
12 -1.97 1.15 0.09 0.39 1.68 0.81
13 -1.80 1.36 0.18 -1.45 1.32 0.27
14 0.72 1.59 0.65 2.15 1.63 0.19
15 -2.50 1.42 0.08 -0.46 1.06 0.65
16 -3.05 2.84 0.28 -1.44 1.01 0.15
17 -2.11 1.92 0.27 -1.60 1.62 0.32
18 -2.25 2.16 0.30 -5.29 1.83 0.004l
19 -5.35 3.73 0.15 -7.89 2.31 0.001l
20 -6.97 2.21 0.001l -9.33 1.72 0l
21 -4.35 1.75 0.01l -2.88 1.43 0.051
22 -0.41 1.32 0.75 -0.14 1.41 0.91
23 -0.85 1.01 0.40 -1.80 1.07 0.09
24 -1.62 1.05 0.12 -2.38 0.90 0.01l

Efficiency (
�

) 79 67
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Table7: Priceconvergencetestresultsfor New York. An asterisk( R ) indicatesthattheday
aheadpriceandthereal time pricearesignificantlydifferentat 95

�
confidence.Thelack

of convergenceof the day aheadprice to the real time price shows the degreeof market
inefficiency. a is zeroif thedayaheadpriceis anunbiasedpredictorof therealtime price.
S.E.showstheNewey-WeststandarderrorsandP-valueshows theNewey-WestP-value.

New York
2000 2001

Hours a S.E. P-value a S.E. P-value
1 -4.75 1.69 .005l -5.47 1.37 .0001l
2 -6.13 2.80 0.03l -3.20 1.72 0.06
3 -4.89 1.45 0.001l -2.19 1.37 0.11
4 -3.87 1.77 0.03l -2.59 1.40 0.06
5 -4.33 2.00 0.03l -1.47 0.97 0.13
6 -2.05 2.11 0.33 -0.89 1.27 0.48
7 -0.20 1.08 0.84 0.05 1.18 0.96
8 -3.69 1.39 0.01l -3.33 1.02 0.001l
9 0.64 1.58 0.68 1.00 2.11 0.63
10 -0.51 1.77 0.77 5.43 3.94 0.16
11 -1.32 1.67 0.42 1.49 2.57 0.56
12 -2.15 1.39 0.12 1.58 2.86 0.58
13 -2.12 1.81 0.24 -0.86 2.45 0.72
14 -0.60 3.22 0.85 1.18 2.82 0.67
15 0.51 3.27 0.87 -0.85 2.37 0.71
16 1.44 4.78 0.76 -1.63 2.39 0.49
17 2.73 4.56 0.55 -0.93 3.00 0.75
18 3.14 3.63 0.38 0.32 3.11 0.91
19 2.97 3.75 0.43 -2.56 2.96 0.38
20 0.21 2.45 0.93 -3.18 2.61 0.22
21 1.96 2.30 0.39 -3.73 1.29 0.004l
22 -2.55 1.56 0.10 -5.75 0.95 0 l
23 -6.35 1.29 0l -7.55 0.83 0l
24 -6.85 1.86 0.0003l -4.44 1.21 0.0003l

Efficiency (
�

) 67 75
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